Bitter taste is a basic taste modality, required to safeguard animals against consuming toxic substances. Bitter compounds are recognized by G-protein-coupled bitter taste receptors (TAS2Rs). The human TAS2R10 responds to the toxic strychnine and numerous other compounds. The mechanism underlying the development of the broad tuning of some TAS2Rs is not understood. Using comparative modeling, site-directed mutagenesis, and functional assays, we identified residues involved in agonist-induced activation of TAS2R10, and investigated the effects of different substitutions on the receptor's response profile. Most interestingly, mutations in S85 3.29 and Q175 5.40 have differential impact on stimulation with different agonists. The fact that single point mutations lead to improved responses for some agonists and to decreased activation by others indicates that the binding site has evolved to optimally accommodate multiple agonists at the expense of reduced potency. TAS2R10 shares the agonist strychnine with TAS2R46, another broadly tuned receptor. Engineering the key determinants for TAS2R46 activation by strychnine in TAS2R10 caused a loss of response to strychnine, indicating that these paralog receptors display different strychnine-binding modes, which suggests independent acquisition of agonist specificities. This implies that the gene duplication event preceding primate speciation was accompanied by independent evolution of the strychnine-binding sites.
Introduction
The mammalian sense of taste is critical for the evaluation of the chemical composition of ingested food. Specialized sensory cells devoted to detecting one of the five basic taste qualities (sweet, sour, salty, umami, and bitter) are localized in the oral cavity (Yarmolinsky et al., 2009 ). Bitter taste is mediated by numerous receptors, the TAS2Rs, belonging to the G-protein-coupled receptor superfamily (Adler et al., 2000; Matsunami et al., 2000) . The human TAS2R gene family consists of ϳ25 functional members, for most of which cognate bitter substances have been found . The characterization of TAS2Rs revealed pronounced differences in their tuning breadths toward bitter agonists. Whereas some TAS2Rs are activated by few bitter compounds, most receptors reacted to several or even numerous substances . Among those, TAS2R10 (Bufe et al., 2002) , TAS2R14 (Behrens et al., 2004) , and TAS2R46 (Brockhoff et al., 2007) stand out because each of them responds in vitro to a large fraction of hitherto tested bitter compounds. Each TAS2R is characterized by a unique pattern of cognate bitter substances, although numerous compounds activate several TAS2Rs , summarized in the BitterDB database (Wiener et al., 2012) . Interestingly, overlapping agonist spectra do not necessarily correspond to amino acid sequence similarities among the compared receptors (Behrens et al., 2009 ). Instead, sequence-dissimilar TAS2Rs may exhibit remarkable similarities in their response profiles. For example, TAS2R46 belongs to a subfamily of eight related lineage-specific TAS2Rs (Bufe et al., 2002; Shi et al., 2003) and responds to numerous bitter compounds, such as sesquiterpene lactones (e.g., parthenolide), the alkaloid strychnine, and the synthetic denatonium benzoate (Brockhoff et al., 2007; . Although TAS2R10 exhibits only 34% amino acid sequence identity with TAS2R46, it also responds to these compounds . The overlap in agonist activation patterns could be a consequence of the extraordinarily broad tuning of both receptors and, hence, may occur on a random basis. However, it is also conceivable that the similar activation properties may originate from evolutionary conservation (e.g., both receptors originate from the same ancestral TAS2R gene and preserved some of its agonist profile). We have recently determined the structural requirements of TAS2R46 activation demonstrating that the receptor accommodates all agonists in a single binding pocket and that residues in transmembrane domain VII are particularly important for agonist selectivity . In the present study, we investigated TAS2R10-agonist interaction to identify the basis for its exceptional breadth of tuning and to compare the residues involved in interactions with strychnine in TAS2R10 and in TAS2R46. By in silico modeling, point mutagenesis, and functional assays, we identified the putative agonist binding pocket of TAS2R10. Next, in silico agonist docking was performed with the chemically different compounds, strychnine, parthenolide, and denatonium benzoate, all of which activate both TAS2R10 and TAS2R46 . The resulting binding modes were verified by mutagenesis and analyzed to provide details of molecular recognition and insights into the evolution of the binding site.
Materials and Methods
Bitter compounds. Strychnine, chloramphenicol, papaverine, santonin, and denatonium benzoate were purchased from Sigma. Parthenolide and costunolide were available from a previous study (Brockhoff et al., 2007) . Cucurbitacin B was purchased from CPS Chemie ϩ Service.
Generation of expression constructs. TAS2R10 constructs used in this study were generated on the basis of variant NP_07641, SNP T156; S231. The TAS2R10 coding sequence fused with an N-terminal sst3-tag and a C-terminal hsv-tag was cloned in the vector pcDNA5/FRT (Invitrogen) as described previously (Bufe et al., 2002) . Site-directed mutagenesis of receptor cDNA was performed as described previously (Behrens et al., 2006) . Oligonucleotides used for mutagenesis were synthesized by Eurofins Operon MWG and are listed in Table 1 .
Functional expression experiments. HEK 293T-G␣16gust44 (Ueda et al., 2003) cells were transiently transfected with receptor constructs as described previously (Brockhoff et al., 2007) . After incubation for ϳ24 h, cells were loaded with Fluo4-AM (Invitrogen). Calcium responses of cells were measured after application of test substances using a Fluorometric Imaging Plate Reader (Molecular Devices). Test compounds were either first dissolved in DMSO and then diluted in C1 solution (130 mM NaCl, 5 mM KCl, 10 mM HEPES, pH 7.4, 2 mM CaCl 2 , and 10 mM glucose) not exceeding a final DMSO concentration of 1% (v/v) or directly dissolved in C1 solution. Data were collected from at least three independent experiments performed in duplicates. Fluorescence signals were corrected for responses of mock-transfected cells and normalized to background The constructs generated by point mutagenesis are specified in the left column. Next, the nucleotide sequences for the forward and reverse primers are given in 5Ј to 3Ј direction.
fluorescence. Dose-response relations and EC 50 values were calculated in Sigma Plot 11 (SPSS) by nonlinear regression using the function:
In silico modeling of TAS2R10. All-atom homology model of TAS2R10 was based on the crystal structure of ␤2 adrenergic receptor-Gs-protein complex with bound agonist (PDB code 3SN6) (Rasmussen et al., 2011) . Sequence alignment of TAS2R10 and the structural template was generated by the Expresso (Armougom et al., 2006) server (http://www.tcoffee. org/) and manually adjusted (Fig. 1A ). The 3D model was generated using Modeler and refined by energy minimization using the Smart Minimizer algorithm and the CHARMM force field, as implemented in Discovery Studio 3.1 (Accelrys), followed by side-chain refinement using the SCWRL4 (Krivov et al., 2009) program and an additional round of energy minimization.
Throughout this article, transmembrane (TM) residues are identified by a superscript numbering system according to Ballesteros-Weinstein numbering method (Ballesteros and Weinstein, 1995) ; the residue corresponding to the Family A GPCRs' most conserved residue in a given TM is assigned the index X.50, where X is the TM number, and the remaining residues are numbered relative to this position, based on alignment with the Family A template (Fig. 1A) . The location of a potential binding cavity was identified using the Q-SiteFinder server (Laurie and Jackson, 2005) .
Small molecule docking to TAS2R10 model. Docking of the agonists, strychnine, parthenolide, and denatonium, to the TAS2R10 binding pocket was performed using the "Flexible Docking" algorithm (Discovery Studio 3.1; Accelrys). For docking purposes, the pocket was defined using a 13Å sphere, centered at W88 3.32 , which is highly conserved among TAS2Rs and was shown to be vital for TAS2R43, TAS2R30, and TAS2R46 activation (Pronin et al., 2004; 7.39 , and T266 7.42 . All docking experiments were conducted on a model without extracellular loops to reduce the uncertainty arising from inaccurately predicted loops (Yarnitzky et al., 2010 and references therein). Agonists were prepared for docking using the "LigPrep" module in Maestro Version 9.1.107 (Schrodinger).
Multiple sequence alignments of TAS2R10 and TAS2R46 sequences. Alignments were generated using the TCoffee server (http://www.tcoffee. org/) (Notredame et al., 2000) and included protein sequences from human, chimpanzee, bonobo, gorilla, Bornean orangutan, rhesus monkey, hamadryas baboon, northern white-cheeked gibbon, and crabeating macaque. The conservation of specific binding site positions in the different species was quantified using the ScoreCons server, using the normalized Shannon entropy scoring method, with 21 symbol types (20 standard amino acid types ϩ 1 gap type), as described previously (Valdar, 2002) . The multiple sequence alignments, showing the occurrence of amino acids types in these positions, were visualized using WebLogo3.0 (Crooks et al., 2004).
Immunocytochemistry. As published previously (Behrens et al., 2009 ), HEK 293T G␣16gust44 cells were seeded onto poly-D-lysine-coated (10 Figure 1 . Locating the TAS2R10 agonist binding pocket. A, The structure-based multiple sequence alignment of the modeled TAS2R10 receptor and the template crystal structure of ␤2 adrenergic receptor-Gs-protein complex with bound agonist (PDB code 3SN6) was generated by the Expresso server (http://www.tcoffee.org/). The most conserved residue in each helix is shaded yellow and is indicated by its Ballesteros-Weinstein numbering. Identical residues are in red, and similar residues are in blue. B, Top view of a TAS2R10 homology model based on the crystal structure of the agonist-bound state of the ␤-adrenergic receptor-Gs-protein complex (Rasmussen et al., 2011) . The TMs are shown as ribbons. The circled area with a radius of ϳ6Å was centered at N92 3.36 located at the bottom center of the putative agonist binding pocket. Amino acid residues whose side-chains were located within the indicated radius and oriented toward the extracellular side with respect to position N92 (highlighted and labeled) were subjected to alanine-scanning mutagenesis. C, Snake plot of TAS2R10. Residues corresponding to the most conserved positions in each TM (positions X.50 according to the Ballesteros-Weinstein numbering system) are indicated in black. Positions subjected to alanine-scanning mutagenesis are shown in gray and circled with white lines. TMs are numbered by Roman numerals. Membrane, N terminus (NH 2 ), C terminus (COOH), extracellular (ec1-ec3), and intracellular loops (ic1-ic3) are labeled. g/ml) glass coverslips and transfected with 500 ng cDNA construct per well, using 1.5 l FuGene HDTM (Roche) according to the manufacturer's recommendations. Twenty-four hours later, cells were washed with warm PBS (37°C) and then cooled on ice for 30 min to block endocytosis. For cell surface staining, cells were incubated with biotin-conjugated concanavalin A (Sigma) for 1 h on ice. Next, cells were washed with ice-cold PBS, fixed with cold methanol/acetone (v/v ϭ 1:1) for 2 min, and rinsed with PBS. Then, cells were incubated with 4% normal horse serum in PBS for 1 h at room temperature. For staining of the receptor proteins, mouse anti-HSV antiserum (Novagen, 1:15,000) was applied and left overnight at 4°C. After washing with PBS, Alexa488-conjugated goat anti-mouse antibody (Invitrogen, 1:2000) and streptavidinAlexa633 (Invitrogen, 1:1000) were applied for 1 h at room temperature in PBS and 4% normal horse serum. Finally, cells were rinsed with deionized H 2 O and mounted with Fluorescent Mounting Medium (DakoCytomation). Receptor expression was analyzed by confocal laser scanning microscopy using a Leica TCS SP2 (Leica).
Results

Identification of a putative TAS2R10 agonist binding pocket
To locate the presumed agonist binding site of TAS2R10, we generated a 3D homology model of the receptor based on the structure of the active state of ␤2 adrenergic receptor, bound to its agonist and Gs-protein (Rasmussen et al., 2011) (Fig. 1B) . Using an energy-based method (Laurie and Jackson, 2005), we identified an appropriately sized and energetically favorable area inside the TM bundle that would allow accommodation of TAS2R10 agonists. The putative binding site is located between the upper parts of TMs III to VII.
To verify the location of the predicted agonist binding pocket, residues whose side-chains point into the central cavity, were subjected to alanine-scanning mutagenesis ( Fig. 1 B, C) . Ten point mutations were generated and the resulting receptors examined by calcium-imaging experiments in transiently transfected cells after administration of the structurally dissimilar TAS2R10 agonists: strychnine, parthenolide, and denatonium benzoate. From the dose-response relationships, threshold concentrations, maximal signal amplitudes, and EC 50 values were calculated for each receptor mutant (Fig. 2 A, B) . We observed a complete loss of responsiveness for all agonists for 5 constructs (TAS2R10 W88A , TAS2R10 N92A , TAS2R10 Q93A , TAS2R10 Y239A , and TAS2R10 M263A ; for BW numbering, see Fig. 2A ). Two constructs, TAS2R10 V89A and TAS2R10 T266A , exhibited decreased responses upon stimulation with all agonists. Interestingly, the sensitivity of construct TAS2R10 L178A was increased for all agonists. The most complex activation patterns were observed for TAS2R10 S85A and TAS2R10 Q175A . The construct TAS2R10 S85A showed reduced sensitivity for strychnine, elevated sensitivity for parthenolide, and a wild-type-like behavior when stimulated with denatonium benzoate. The construct TAS2R10 Q175A exhibited elevated sensitivity for strychnine, a wild-type-like reaction upon parthenolide stimulation, and decreased responses to denatonium benzoate. Q175 5.40 . A, In the left columns, the mutated residue is indicated and its position according to the BallesterosWeinstein numbering system is given. For the agonists, strychnine, parthenolide, and denatonium benzoate, threshold concentrations (TH), maximal signal amplitudes as ⌬F/F values (Max ampl), and EC 50 concentrations are given. X ϭ no statistically significant value above mock-control. B, Dose-response curves of constructs challenged with different concentrations of strychnine, parthenolide, and denatonium benzoate. Changes in fluorescence after agonist stimulation (⌬F/F; y-axis) were monitored and plotted together with the corresponding agonist concentration (decadic logarithm of the agonist concentration given in M). Plots obtained for TAS2R10 wild-type (circles, solid lines), TAS2R10 mutants (squares, broken lines), and empty vector (stars, broken lines) are compared within each graph.
Detailed analyses of TAS2R10 residues exhibiting agonist-selective effects
To determine the exact nature of interactions between agonists and receptor positions S85 3.29 and Q175 5.40 , we performed additional mutagenesis experiments (Fig. 3 A, B) and in silico ligand docking of the three agonists (Fig. 4) . The experimental data suggested a direct interaction of S85 3.29 with strychnine and a suboptimal sterical interaction with parthenolide. S85
3.29 was therefore mutated to Thr or Val. As evident from the dose-response relationship obtained for TAS2R10 S85T (Fig. 3B) , upon change of Ser to Thr, strychnine-or denatonium-induced activation was rather unchanged, whereas the receptor's parthenolide response was almost abolished. The mutant TAS2R10 S85V exhibited reduced responses to all agonists tested (Fig. 3B) . This indicates that interaction between strychnine and S85 relies on the formation of polar contacts present both in Ser and Thr. Indeed, the docking results suggest the formation of a hydrogen bond between residue S85
3.29 and the oxo group of strychnine (Fig.  4B) . Other predicted interactions are also in agreement with the alanine mutagenesis results. Specifically, these are as follows: A, In the left columns, the mutated residue is indicated and its position according to the Ballesteros-Weinstein numbering system is given. For the agonists, strychnine, parthenolide, and denatonium benzoate, threshold concentrations (TH), maximal signal amplitudes as ⌬F/F values (Max ampl), and EC 50 concentrations are given. X ϭ no statistically significant value above mock-control. B, Dose-response curves of constructs challenged with different concentrations of strychnine, parthenolide, and denatonium benzoate. Changes in fluorescence after agonist stimulation (⌬F/F; y-axis) were monitored and plotted together with the corresponding agonist concentration (decadic logarithm of the agonist concentration given in M). Plots obtained for TAS2R10 wild-type (F), TAS210 L178F (OE), TAS2R10 L178T (f), TAS2R46 (ϫ), and empty vector (ૺ) are compared within each graph.
-cation interactions between W88 3.32 and the partially positively charged N19 atom of strychnine; and another hydrogen bond formed between strychnine and Y239 6.51 as well as van der Waals (vDW) contacts with V89 3.33 (Fig. 4B) . The loss of S85 mutants' responses to parthenolide appears to be the result of steric hindrance because the interaction is impaired upon mutation to both bulkier residues, Thr and Val, independent of the presence of the hydroxyl group. Additional hydrogen bonds observed in the predicted structure of the parthenolide-receptor complex are formed with W88 3.32 , N92 3.36 , and the backbone of V89 3.33 (Fig. 4C ). Because experimental results for TAS2R10 Q175A indicated that position 175 interacts with denatonium and is suboptimal for strychnine responsiveness, we introduced Leu, Tyr, or Asn residues at this position. When stimulated with denatonium benzoate, only the TAS2R10 Q175N mutant exhibits maximal amplitudes similar to TAS2R10 wild-type, whereas the other mutants were almost inactive (Fig. 3B) . This suggests the importance of the Figure 6 . Further characterization of the agonist-selective positions 85, 175, and 178. A, In the left columns, the mutated residue is indicated and its position according to the BallesterosWeinstein numbering system is given. For the agonists, cucurbitacin B, santonin, costunolide, papaverine, and chloramphenicol, threshold concentrations (TH), maximal signal amplitudes as ⌬F/F values (Max ampl), and EC 50 concentrations are given. X ϭ no statistically significant value above mock-control. B, Dose-response curves of constructs challenged with different concentrations of cucurbitacin B, santonin, costunolide, papaverine, and chloramphenicol. Changes in fluorescence after agonist stimulation (⌬F/F; y-axis) were monitored and plotted together with the corresponding agonist concentration (decadic logarithm of the agonist concentration given in M). Plots obtained for TAS2R10 wild-type and the indicated TAS2R10 mutants generated for receptor positions 85, 175, and 178 are compared within the graphs.
amide group, whereas the right shift of the dose-response curve suggests that the exact positioning of this moiety is also crucial for interaction. The introduction of a large hydrophobic residue, such as Leu, or the bulky ring of Tyr renders the corresponding mutants almost nonresponsive for denatonium benzoate. Indeed, the docking results of denatonium indicate formation of a hydrogen bond between the oxo group of the denatonium molecule and the amide group of Q175 5.40 (Fig. 4D) . Additional specific interactions are predicted with W88 3.32 and Y239 6.51 , and vDW contacts are predicted with V89 3.33 . The response to strychnine stimulation is comparable to the wild-type receptor for TAS2R10 Q175N , is decreased for TAS2R10 Q175L and TAS2R10 Q175Y , and is increased for TAS2R10 Q175A (Fig. 2B ). This suggests that position 175 forms vDW contacts with strychnine. If the interactions of Q175 with the agonist were polar or ionic, Q175A mutation would have resulted in reduced interaction. The wild-type-like response of TAS2R10 Q175N , even though the polar part is probably shifted in the mutant, supports the notion that the hydrophobic part of position 175 forms vDW contacts with strychnine. The contact with strychnine is suboptimal for the wild-type receptor, and even less compatible with the large Tyr or Leu, but optimized when the smaller Ala is introduced.
Further exploration of receptor-ligand complexes
To further verify the docked conformations of the agonists in the binding site, we performed additional experiments. The docking results suggested that W88 3.32 interacts with all tested agonists (Fig. 4) . Our initial Ala mutation at this position caused a strong change in the nature of the amino acid side-chain, which could have affected the overall structural integrity of the mutant. Therefore, we generated the mutants TAS2R10 W88F and TAS2R10 W88H to investigate the effects of more subtle changes on receptor re- sponses. Indeed, both exchanges led to a loss of function, supporting a crucial role of this amino acid position (Fig. 5A) .
As our alanine-scanning and docking results indicated an important role of N92
3.36 for agonist interaction, we mutated this residue to Asp. Asp is negatively charged and not capable of acting as a hydrogen bond donor. Again, the loss of responsiveness seen for TAS2R10 N92D attests to the crucial role of this proposed interaction (Fig. 5A) . Furthermore, the conserved position Y239 6.51 , corresponding to Y241 in TAS2R46, where it was shown previously to form a hydrogen bond with strychnine , was found to be crucial for agonist interaction (Figs. 1, 4) . The subtle change from Tyr to Phe in the construct TAS2R10 Y239F led to a loss of responsiveness, confirming the importance of the hydroxyl group at this position (Fig. 5A) . L178 5.43 was the sole position in our experiments for which a mutation to Ala led to increased responsiveness for the three tested agonists. This indicates a suboptimal fit between the native Leu178 and the tested agonists, which might be explained by the close location of this residue to all docked agonists (Fig. 4) . To confirm this hypothesis, we tested the constructs TAS2R10 L178F and TAS2R10 L178T (Fig.  5A,B) . As anticipated, introduction of the bulkier Phe at this position led to a loss of response to all agonists. The exchange to Thr, a polar amino acid slightly smaller than Leu, resulted in reduced agonist activation. Hence, activation of position 178 mutants is improved by mutation into a smaller hydrophobic residue, but not by changing it into a polar one.
To test whether the impact of position 178 is similar for the majority of cognate TAS2R10 agonists and whether changes in positions 85 and 175 lead to equally pronounced agonist selectivity in a wider range of TAS2R10 activating substances, we tested the tetracyclic triterpene cucurbitacin B, the sesquiterpene lactones santonin and costunolide, the alkaloid papaverine, and the antibiotic chloramphenicol on the corresponding receptor mutants (Fig. 6) . Interestingly, cucurbitacin B activation of TAS2R10 is decreased by all mutations in positions 175 and 178. This indicates that position 178 also acts in an agonist-selective fashion, similarly to 85 and 175. All mutations at position 85, except S85V, show only minor effects on cucurbitacin B responsiveness. Both sesquiterpene lactones, santonin and costunolide, exhibit a very similar activation pattern compared with parthenolide, This corroborates our observations for the sesquiterpene type of agonists, namely, that the hydroxyl group of serine 85 is suboptimal, the rather neutral influence of position 175, and an improved activation when leucine 178 is replaced by alanine. Papaverine is only a weak agonist for the TAS2R10. . Sequence conservation analysis of TAS2R10 and TAS2R46. A, Conservation of TAS2R10 and TAS2R46 binding site residues in human and 8 primate protein sequences visualized using Weblogo. The y-axis shows the probability of each residue in a stack. The residue position is indicated on the x-axis by its Ballesteros-Weinstein number. Green represents polar residues; purple, neutral; blue, basic; red, acidic; and black, hydrophobic. Sequence logo generated by WebLogo3.0. B, Conservation of each of the binding site residues among the human and 8 primate sequences as calculated by the ScoreCons server. The residue position in human is indicated on the x-axis, and the corresponding BW number is shown below the plots. The y-axis shows the conservation score (maximal score of 1 corresponds to 100% sequence identity of the aligned positions).
However, mutating leucine 178 to alanine results in improved receptor activation by this compound. Similarly, chloramphenicol exhibits only weak agonistic properties; thus, the dramatic increases in potency and efficacy upon stimulation of the L178A underscore the strong steric hindrance caused by leucine 178 in the wild-type TAS2R10.
Comparative analysis of the strychnine-binding mode An interesting evolutionary question is whether agonists shared by two different TAS2Rs show the same mode of interaction or whether they contact different receptor positions and/or residue types. An identical mode of interaction might suggest an evolutionary conserved feature, while a different binding mode may indicate the independent acquisition of responsiveness for this agonist. Previously, we demonstrated that, in the more strychnine-sensitive receptor TAS2R46, two residues in TM VII, E265
7.39 and A268 7.42 (compare Fig. 7E ), were important determinants of agonist selectivity. We suspected that, if the strychnine-binding mode in TAS2R10 and TAS2R46 is similar, we may transform the less-sensitive strychnine receptor Figure 9 . Immunocytochemical staining of TAS2R10 constructs. HEK 293T G␣16gust44 cells were transiently transfected with constructs coding for TAS2R10 and TAS2R10 mutants. The receptors (green) were visualized using an anti-HSV tag antiserum. The cell surface (red) was stained with concanavalin A. For each construct (indicated in the top left corner), a series of three images is shown: left, receptor construct; middle, cell surface; right, overlay of receptor and cell surface staining. Scale bar, 50 m. Images were taken with a confocal laser scanning microscope.
TAS2R10 into a more-sensitive strychnine receptor by transferring these residues from TAS2R46 into the TAS2R10 sequence. As seen in Figure 7A , the individual exchanges in these two positions strongly reduced the response of the mutants to all agonists, and to strychnine in particular. We also created the construct TAS2R10 M263E T266A and tested it for strychnine responsiveness because such double mutation successfully transferred activation by strychnine to receptors TAS2R31 and TAS2R43 . The TAS2R10 double-mutant showed no strychnine responses (and no responses to other agonists), indicating different strychnine-binding modes in the two receptors. These results are in agreement with the dissimilar docking modes of strychnine proposed for the two receptors (Fig. 7C,D) . The impact of these mutations on TAS2R10 activation indicates important, albeit different, roles for positions 7.39 and 7.42 in TAS2R10 function as well.
Investigating position Q175 5.40 (Figs. 2, 3 ), we noticed a significantly improved strychnine sensitivity of TAS2R10 Q175A , indicating suboptimal interaction of the native Q175 with strychnine. Because TAS2R46 carries a smaller Thr residue at position 5.40, we suspected that, if strychnine is bound in the same fashion in both receptors, an exchange of Gln into Thr could increase the strychnine sensitivity of TAS2R10. However, the strychnine responsiveness of TAS2R10 Q175T did not change, again disproving a conserved binding mode in the two receptors (Fig. 7B) . Comparison of the identified binding site residues of TAS2R10 and TAS2R46 from human and primate species demonstrated that these residues are highly conserved among the different primate TAS2R10 orthologs but different from the TAS2R46 primate sequences (Fig. 8) . These results suggest that the ability of the duplicated genes to recognize strychnine in two different ways has been acquired independently.
Discussion
In the present study, we investigated the agonist binding site in human TAS2R10 by a combination of molecular methods and in silico analyses. We have identified several positions located in the binding pocket contributing to receptor-agonist interactions.
Because modification of receptor responses after point mutagenesis could also indicate misfolded or insufficiently expressed receptors, immunocytochemical analyses of all mutants were performed to identify changes in receptor expression (Fig. 9) . None of the TAS2R10 mutants deviated substantially from the expression characteristics of the wild-type reference.
Two of the identified TAS2R10 positions are particularly interesting because they showed differential characteristics with respect to agonist interactions. Whereas the exchange of Ser at position 85 into Ala resulted in reduced strychnine responsiveness and improved activation by parthenolide, the third agonist, denatonium benzoate, was largely unaffected by this mutation. Similarly, exchanges of the residue at position 175 resulted in improved strychnine responsiveness and reduced denatonium responses while leaving activation by parthenolide unaffected. These observations demonstrate that the receptor binding pocket is not optimized for high-affinity interactions with a handful of ligands but is rather designed to accommodate many diverse agonists. Hence, the broad tuning of TAS2R10 comes with a trade-off resulting in rather low-affinity agonist interactions. Because relatively high agonist concentrations are necessary for the activation of most TAS2Rs, this feature could apply to additional TAS2Rs as well.
Another question addressed by our study is whether the existence of agonists common to two different TAS2Rs might point to an evolutionary conservation of pharmacological features, or, on the contrary, represent independent convergent evolutionary developments. Unlike other GPCR gene families, such as the somatostatin receptor gene family, in which all five sst receptors bind the common ligand sst-14 (Olias et al., 2004) , indicating evolutionary conservation, TAS2R genes appear to have developed under positive selective pressure, driven by the benefits of diversification for enabling multiple bitter compound recognition (Soranzo et al., 2005; Shi and Zhang, 2006) . Our mutagenesis experiments transferring residues important for strychnine interaction in TAS2R46 onto TAS2R10 demonstrated that these receptors differ in their strychnine-binding modes (Fig. 7) . Hence, we conclude that the ability to be activated by strychnine was acquired twice independently during evolution.
In this context, it is tempting to speculate that the pharmacological modification of TAS2R46, including its strychnine responsiveness, has been enabled by an evolutionary more ancient activation profile of TAS2R10. Sequence analysis of TAS2R10 and TAS2R46 in human and primates shows high overall and binding site sequence similarity between orthologs in the different species. The similarity is much lower between the paralogs TAS2R10 and TAS2R46. The TAS2R10 binding site residues identified in the current study are conserved among humans and 8 analyzed primate species, suggesting that TAS2R10 receptors in these species are also likely to be activated by strychnine, whereas the TAS2R46 binding site among primates is more variable (Fig.  8; Tables 2, 3 ). These results suggest that gene duplication leading to the expansion of a primate-specific TAS2R subfamily (Shi et al., 2003) resulted in the development of a second, more strychnine-sensitive receptor in humans.
Recently, synthetic (Slack et al., 2010) and natural (Brockhoff et al., 2011) inhibitors of TAS2Rs were discovered, indicating that TAS2R antagonism is common rather than rare. In particular, the presence of natural inhibitors, which occur mixed with bitter agonists , may require modification of receptor response profiles from time to time to avoid overlapping activities of agonists and antagonists.
Over the past few years, several experimental studies have addressed structural features of TAS2Rs important for agonist activation, showing the involvement of different combinations of residues located in TMs (Pronin et al., 2004; Biarnes et al., 2010; Sakurai et al., 2010a,b; Singh et al., 2011 ). In the current work, positions S85 3.29 and Q175 5.40 , and L178 5.43 stand out because of their agonist selectivity in line with the proposed idea of multiligand binding site optimization. Furthermore, the importance of 3.29 is in agreement with data obtained in other structure-function studies of TAS2Rs, all of which have experimentally identified important residues within TMIII (Biarnes et al., 2010; Sakurai et al., 2010b; . Moreover, in numerous family A GPCRs, critical contact points between ligands and receptors were identified (Katritch et al., 2012) , with the exact points of contact ranging from close to the extracellular side (e.g., position 3.28 in the sphingosine 1-phosphate receptor 1) (Hanson et al., 2012) to deep within the lipid bilayer (e.g., 3.40 in histamine receptor) (Shimamura et al., 2011) . Similarly, residues close to position 5.40 were found to be important for the activation of TAS2R46 , TAS2R16 (Sakurai et al., 2010b) , and other GPCRs (Katritch et al., 2012) . This indicates a common spatial location of the binding site shared by TAS2Rs and class A GPCRs. Previously, we have identified two positions within TM VII of TAS2R46, E265
7.39 and A268 7.42 , which exhibited pronounced agonist selectivity if swapped between related bitter receptors . Although we have not observed the same effect when mutating the corresponding positions in the TAS2R10 (M263 7.39 and T266 7.42 ), the mutation of both positions in the TAS2R10 led to a loss of function, confirming the importance of TM VII residues for TAS2R function.
In summary, we have shown here that TAS2R10 interacts with its agonists by using a similar TM bundle cavity as seen for TAS2R46. Strikingly, the common agonist of both receptors, strychnine, activates TAS2R10 and TAS2R46 by a different binding mode, via somewhat different subsites, pointing to an evolutionary independent acquirement of strychnine responsiveness in the two receptors. Most importantly, the differential effects observed for some mutations upon agonist activation (e.g., improved activation by one agonist vs decreased activation by another) shed light on the evolutionary pressure of this receptor family to accommodate many agonists at the expense of the optimal affinities that might be achievable for individual agonists. Nevertheless, the impact of changes in the agonist-selective positions of TAS2R10 underscores the precision of bitter receptor compound interaction, suggesting that the broad tuning properties are achieved without sacrificing agonist selectivity.
